Metabotropic glutamate receptor type 1 (mGluR1) is related with various neurological and psychiatric diseases, such as anxiety, depression, epilepsy, Parkinson's disease, and neuropathic pain. Hence, mGluR1 is an important target for drug development and imaging. We synthesized [ 18 F]cEFQ (3-ethyl-2-[ 18 F]fluoroquinolin-6-yl cis-(4-methoxycyclohexyl)methanone) as a PET tracer for selective mGluR1 imaging and evaluated its properties in rodents. A chloroquinoline precursor was labeled by a nucleophilic substitution reaction, and the resulting [ 18 F]cEFQ was obtained with high radiochemical purity (>99%) and specific activity (63-246 GBq/mmol). The log D value was 3.24, and the initial brain uptake at 10 min was over 4% of injected dose per gram in BALB/c mice. According to PET/CT and autoradiography in SD rats, [ 18 F]cEFQ showed wide distribution in the whole brain and the highest uptake in the cerebellum. Pre-treatment with unlabeled cEFQ or the mGluR1-specific antagonist JNJ16259685 blocked the uptake of [ 18 F]cEFQ. However, the uptake was not blocked by pre-treatment with the mGluR5-specific antagonist ABP688. The trans isomer [ 18 F]tEFQ did not show high uptake in the mGluR1-rich region. [ 18 F]cEFQ was straightforwardly prepared using a chloro-derivative precursor. Its feasibility as a specific and selective PET agent for imaging mGluR1 was proved by in vitro and in vivo experiments using rodents.
Introduction
Glutamic acid is an abundant and one of the most important excitatory neurotransmitters in the central nervous system (CNS) of mammals. It is stored in presynaptic vesicles and is released by calcium-dependent exocytosis. After being released from vesicles, it acts via membrane-bound glutamate receptors.
Glutamate receptors are categorized as ionotropic and metabotropic by their affinity to various ligands. Ionotropic glutamate receptors (iGluR) comprise N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA), and kainate (KA) receptors. 1, 2 Metabotropic glutamate receptors (mGluRs) comprise G-protein-coupled receptors (GPCRs) that are classified into eight subtypes (mGluR1-8) based on their pharmacology, signal transduction mechanism, and sequence homology. 3 Group I mGluRs include mGluR1 and mGluR5, which are coupled to Gq/11. Gq/11 stimulates phospholipase C, an enzyme that hydrolyzes phosphatidylinositol 4,5-bisphosphate to produce inositol triphosphate (IP3) and diacylglycerol. IP3 then binds to the IP3 receptor on the endoplasmic reticulum, triggering the release of Ca 2þ from intracellular stores. The released Ca 2þ and diacylglycerol activate protein kinase C. [1] [2] [3] mGluR1 is expressed in the postsynaptic neurons of the CNS in mammals, especially in the cerebellum. mGluR1 is also found in the hippocampus, thalamus, and striatum but at lower levels than in the cerebellum. 4 It is related to various neurological and psychiatric disorders, such as anxiety, 5,6 depression, 7-9 epilepsy, 10 Parkinson's disease, [11] [12] [13] and neuropathic pain. [14] [15] [16] Therefore, development of mGluR1-targeting drugs has been an attractive subject for decades. 17 Quinoline derivatives that function as noncompetitive mGluR1 antagonists have been reported (Figure 1(a) ). 18 JNJ16259685 is a potent and selective mGluR1 antagonist that has been used as a standard for measuring the specific binding of new mGluR1 antagonist candidates. 19 [ 11 C]JNJ16567083 was the first tracer labeled with a positron emitter for use in mGluR1 imaging, and it showed high uptake in the rat cerebellum-the mGluR1-abundant region. 20, 21 However, no further evaluations or clinical investigations have been reported; moreover, 11 C-labeled agents have some disadvantages for practical use due to a short half-life.
A fluorine-containing quinoline derivative, 3ethyl-2-fluoroquinolin-6-yl cis-(4-methoxycyclohexyl) methanone (cEFQ), that acts as a noncompetitive mGluR1 antagonist and has high binding affinity to rat and human mGluR1 has been developed. 18 A 18 Flabeled compound, [ 18 F]cEFQ, was developed as a PET agent for mGluR1 imaging (Figure 1(a) ), and in vitro and in vivo studies using rats and baboons have demonstrated specific binding to mGluR1. 21 However, brain images using [ 18 F]cEFQ and analyses of its radioactive metabolites have not been reported. Furthermore, no study using a purified trans isomer, [ 18 F]tEFQ, has been reported. Thus, in the present research, we aimed to prepare both cis and trans isomers ([ 18 F]cEFQ and [ 18 F]tEFQ) and examined their radiochemical properties, metabolites, and in vivo behavior using rats.
Materials and methods

General
The following ARRIVE guidelines were followed in the preparation of this manuscript: Title, Abstract, Background, Objectives, and Ethical statement; Study Design; Experimental procedures; Experimental animals, housing, and husbandry; Experimental outcomes; Statistical methods, Numbers analyzed; Interpretation and scientific implications; and Generalizability/translation and Funding. All animal studies were conducted with the approval of the Institutional Animal Care and Use Committee of Clinical Research Institute, Seoul National University Hospital. The facility was accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International. In addition, National Research Council guidelines for the care and use of laboratory animals (revised in 1996) were observed throughout the studies. Unlabeled cEFQ and the precursor for 18 F-labeling were prepared according to a previously reported procedure. 18 ABP688 was synthesized as described previously. 22 The other reagents and solvents were purchased from Sigma-Aldrich Korea Ltd. (Yongin, Korea), Fluka (Buchs, Switzerland), or TCI (Tokyo, Japan) and were used without further purification. All non-aqueous reactions were performed under an inert atmosphere of dry argon. Reactions were monitored by TLC analysis using glass-backed silica gel 60 F 254 thinlayer plates (Merck, Darmstadt, Germany). The spots were detected under UV light (254 nm and 356 nm). Flash column chromatography for purification was carried out on silica gel 60 (230-400 mesh), and all chromatographic solvents used were HPLC grade and were purchased from Fisher Scientific (Fair Lawn, NJ, USA ). 1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded in d units relative to a tetramethylsilane (TMS) as an internal reference using a 300 or 400 MHz NMR instrument (JEOL Ltd., Tokyo, Japan).
[ 18 F]Fluoride was produced by the 18 O(p,n) 18 F reaction using 18 O-enriched (98%) water and a 16.5-MeV proton beam generated by a PETtrace 10 cyclotron (GE Healthcare, Uppsala, Sweden). A high-performance liquid chromatography (HPLC) system (Gilson Inc., Middleton, WI, USA ) equipped with a Gabi Star flow-through gamma radioactivity detector (Raytest GmbH, Straubenhardt, Germany) was used to confirm and purify the radiolabeled compounds. The radiochemical purity and specific activity were checked by analytical HPLC and radio-TLC scanning (AR-2000; Bioscan, Washington, DC, USA) of aluminum-backed silica gel 60 F 254 TLC plates (Merck Co., Darmstadt, Germany). A dose calibrator (Atomlab 100; Biodex Medical Systems, Inc., New York, NY, USA) was used for measuring the radioactivity.
Two-tailed analysis of Student's t-test was used to confirm the statistical significance of two group means.
Radiosynthesis
The cyclotron-produced [ 18 To the dried [ 18 F]fluoride, 1.5 mg (4.5 mmol) of precursor in DMSO (0.5 mL) was added and heated at 100 C for 5 min. The reaction mixture was loaded to a preparative HPLC (Xterra Õ preparative column RP18, 10 mm, 10 Â 250 mm, Waters; 60% MeCN in H 2 O, isocratic; flow rate, 5 mL/min). The fractions of [ 18 F]tEFQ and [ 18 F]cEFQ appearing at 16.5 and 18.0 min, respectively, were collected separately ( Figure 1(b) ).
A pooled [ 18 F]cEFQ or [ 18 F]tEFQ fraction was diluted with 100 mL of water and passed through a Sep-Pak C18 light cartridge pre-washed with 5 mL of ethanol and 10 mL of deionized water successively. The adsorbed radioactive compounds were eluted with 0.8 mL of ethanol, passed through a sterile Millex Õ -FG filter (Merck Millipore, Billerica, MA, USA), and collected in a sterile vial. The final products were diluted with saline for the subsequent in vivo studies.
Radiochemical purities were checked using aluminum-backed silica gel 60 F 254 TLC plates (hexane/ EtOAc, 75:25) and analytical HPLC (Xterra Õ analytical column RP18, 3.5 mm, 4.6 Â 100 mm, Waters; 45-50% MeCN gradient in H 2 O from 0 to 15 min; flow rate, 1 mL/min). Specific activities were also determined using the same analytical HPLC system. Automated synthesis of [ 18 F]cEFQ was performed by using 3 mg of precursor in 0.7 mL of DMSO in a TRACERLab FX-FN module (GE medical Systems, Germany). Reaction temperature and time were 110 C and 6 min, respectively. All other conditions were the same as in the manual synthesis.
Distribution coefficient (log D)
The distribution coefficient log D value was measured according to a slight modification of a previous reported method. 23 Briefly, 10 mL of ethanol solution containing [ 18 F]cEFQ (radiochemical purity: 100%) was mixed with a mixture of 1-octanol (3.0 g) and 0.1 M phosphate buffer (3.0 g; pH 7.4), vortexed for 3 min at room temperature, and centrifuged at 3000 r/min for 5 min. The samples from the organic and aqueous phases were weighed and counted using a gamma scintillation counter (DREAM r-10, Shinjin Medics Inc., Korea). An aliquot of the 0.5 g organic layer was repartitioned until log D values were consistent. The log D was calculated as the ratio of radioactivity in the organic phase and that in the aqueous phase.
Stability test
The in vitro stabilities of [ 18 F]cEFQ in the prepared medium at room temperature and in human serum at 37 C were measured. The prepared [ 18 F]cEFQ was stored at room temperature for 4 h and was analyzed by instant TLC (ITLC) and analytical HPLC. For the stability test in human serum, the prepared [ 18 F]cEFQ (25 mL) was mixed with human serum (325 mL) and incubated at 37 C for 4 h. Absolute ethanol (775 mL) was added to the mixture to precipitate serum proteins followed by centrifugation (3000 r/min) for 5 min. The supernatant was analyzed using ITLC and analytical HPLC.
Biodistribution study in mice
Male BALB/c mice (5 weeks old, n ¼ 4 per group, 23 AE 1 g) were injected with 148 kBq (187 pg) of [ 18 F]cEFQ in 0.1 mL of 10% ethanol through the tail vein. The injected mice were numbered randomly for blind test, and were sacrificed by decapitation at 10, 60, or 120 min after injection. Blood and other organs were rapidly separated, weighed, and counted using a gamma scintillation counter. Results are expressed as percentage of injected dose per gram of tissue (% ID/g). Values are expressed as the mean AE SD.
Analysis of metabolites in mice
After intravenous injection of [ 18 F]cEFQ (72.5 MBq, 93.0 ng), male BALB/c mice (5 weeks old) were sacrificed by decapitation at 5, 15, or 30 min. Urine, blood, and the whole brain were removed and stored on ice. The urine sample was diluted with the same volume of distilled water and filtered through a 0.22 mm filter. The blood sample was centrifuged at 3300 r/min for 10 min at 4 C to separate the plasma. The plasma sample was mixed with 0.4 mL of MeCN, and the mixture was then vortexed for 15 s and centrifuged at 3300 r/min for 10 min to precipitate protein. The supernatant was collected. The brain sample in ice-cooled MeCN (1.0 mL) was homogenized for 1 min using a Polytron homogenizer (Kinematica, Westbury, Canada). The homogenate was centrifuged at 3300 r/min for 10 min at 4 C, and the supernatant was collected. The brain precipitate was rehomogenenized after adding 1.0 mL of water, and the mixture was centrifuged at 3300 r/min for 10 min at 4 C. The supernatants were collected and centrifuged again at 3300 r/min for 10 min at 4 C to remove the precipitate.
Samples from the urine, plasma, and brain homogenates were injected into the analytical HPLC system (Xterra Õ analytical column RP18, 3.5 mm, 4.6 Â 100 mm, Waters; 0-45% MeCN gradient in H 2 O from 0 to 6 min; 45% MeCN in H 2 O, isocratic from 6 to 21 min; 100% MeCN, isocratic from 21 to 26 min; flow rate, 1 mL/min). Each 0.33-min eluent fraction was collected, and the radioactivity was measured using a gamma scintillation counter.
Animal PET
Male Sprague-Dawley rats (12 weeks old) anesthetized with 2% (v/v) isoflurane at 1 L/min oxygen flow were positioned in the imaging chamber and were intravenously administrated with 92.5 MBq of [ 18 F]cEFQ (118.6 ng) or [ 18 F]tEFQ (312.9 ng) prepared as described above. PET studies were performed with a dedicated small animal PET/CT scanner (eXplore VISTA, GE Healthcare, USA), and list-mode data were acquired for 60 min with an energy window of 400-700 keV. These list mode data were framed into a dynamic sequence of 10 Â 30 s, 5 Â 60 s, 4 Â 300 s, and 3 Â 600 s frames. These images were reconstructed to temporally framed sinograms using Fourier rebinning and an ordered subsets expectation maximization (OSEM) reconstruction algorithm without attenuation correction. 24 All images were analyzed using parametric mapping software (SPM2, University College of London, London, UK).
To confirm the selectivity and specificity of [ 18 F]cEFQ for mGluR1, blocking studies were performed. Rats were pre-administered through the tail vein with 3 mg/kg of cold cEFQ, the mGluR1 antagonist JNJ16259685, or the mGluR5 antagonist ABP688 10 min before the administration of [ 18 F]cEFQ. After administration of [ 18 F]cEFQ, PET images were obtained as described above.
Ex vivo autoradiography
Ex vivo autoradiography was performed to obtain higher resolution brain images than with animal PET. The prepared [ 18 F]cEFQ (148 MBq, 190 ng, 0.5 mL) was intravenously injected into the tail vein of male Sprague-Dawley rats (12 weeks old), and the rats were sacrificed 10 min post-injection. The rats' brains were dissected and rapidly frozen at À80 C. Sagittal brain sections of 20 mm thickness were cut using a cryostat microtome (Leica CM 1800, Leica Inc., Germany) and thaw-mounted on glass slides. The prepared brain sections were exposed to imaging plates, and autoradiograms were then obtained using a BAS-2000 system (FLA-2000, FUJIFILM Inc., Japan). 25 
Results Radiochemistry
The radiolabeling was performed by the nucleophilic aromatic substitution reaction using a cis-trans mixture of precursor (Figure 1(b) ). We found that both [ 18 F]cEFQ and [ 18 F]tEFQ were produced even if only a purified cis-or trans-precursor was used (Figure 1(b) ). Thus, it was not necessary to use a purified cis-form precursor, which might be more cost-effective.
The optimum precursor quantity for rapid reaction was found to be 1.5 mg. When 1 mg of precursor was used for labeling, it took over 10 min to obtain enough labeled compounds at 100 C. However, no significant difference was found in the labeling time when using 1.5 mg and 2.0 mg of precursor. Labeled products appeared very rapidly after adding precursor in both cases. When the reaction temperature was 120 C, the labeling was very fast, but the product decomposed after 3 min of reaction. At 100 C, the decomposition rate was slow, and the maximum labeling efficiency was found after 5 min of reaction. From these results, we optimized the reaction temperature and time to 100 C and 5 min, respectively.
The reaction mixture was purified by semi-preparative HPLC, and the retention times of [ 18 
Distribution coefficient (log D)
The distribution coefficient log D value of [ 18 F]cEFQ was 3.24 AE 0.09 (n ¼ 6), representing an adequate lipophilicity for penetration of the blood-brain barrier (BBB).
Stability test
[ 18 F]cEFQ showed no degradation over 4 h in the prepared medium at room temperature. However, in human serum at 37 C, 1.2% of fluoride and 3.0% of radioactive metabolite were detected at 1 h, which increased to 3.2% and 6.2% at 4 h, respectively. The radioactive metabolite was not a trans isomer, indicating that cis-trans isomerization did not occur.
Biodistribution study in mice
The biodistribution of [ 18 F]cEFQ (148 kBq) in normal BALB/c mice at 10, 60, and 120 min was investigated in blood and 10 organs after intravenous injection through the tail vein (Table 1) . At 10 min after injection, uptake in the liver (16.77 AE 1.42% ID/g) was the highest among the measured organs, followed by the kidney (10.54 AE 0.78% ID/g). However, these activities decreased over time, with increased intestinal uptake activities of 16.94 AE 1.87 and 26.11 AE 1.64% ID/g at 60 and 120 min, respectively, indicating rapid hepatobiliary excretion. Brain uptake was 4.42 AE 0.35% ID/g at 10 min, which decreased to 1.01 AE 0.11% ID/g at 60 min. The radioactivity in the bone was low at 10 min (2.39 AE 0.16% ID/g), but increased to 15.43 AE 3.76% ID/g at 120 min, indicating defluorination occurred in vivo.
Analysis of metabolites in mice
The metabolites of [ 18 F]cEFQ in the plasma, brain, and urine of normal BALB/c mice were analyzed by HPLC ( Figure 2 , Table 2 ). The retention times of free [ 18 F]fluoride, [ 18 F]tEFQ, and [ 18 F]cEFQ were 1.4, 18.0, and 19.0 min, respectively. After intravenous injection of [ 18 F]cEFQ, plasma and brain homogenate samples showed six radiometabolites (metabolites 1-6) and free [ 18 F]fluoride. No evidence of cis-trans isomerization was found, as [ 18 F]tEFQ was not detected in the metabolites of any sample. Metabolites 1-4 were not separated well from each other in the HPLC condition that was used. All radiometabolites showed faster retention times than [ 18 F]cEFQ, indicating that they became more hydrophilic after metabolism. The percentages of [ 18 F]cEFQ in the brain were 88.9% and 59.5% at 5 and 30 min, respectively. Intact [ 18 F]cEFQ in plasma was at 68.5% at 5 min, which decreased to 30.6% at 30 min. No intact [ 18 F]cEFQ and metabolite 6 were found in urine at any time point. One the other hand, no metabolite 1 was found in the brain.
Animal PET
Dynamic animal-PET/CT images of the rat brain for 1 h were obtained after intravenous injection of 2 . HPLC profiles of metabolites in the plasma, brain and urine of BALB/c mice. The samples were obtained at 30 min after injection of [ 18 F]cEFQ. Metabolites 1-6 were found in the plasma sample. Metabolite 1 was not found in brain while metabolites 5 and 6 were not found in urine. The values represent the percentage of each radioactive material.
[ 18 F]cEFQ through the tail vein. [ 18 F]cEFQ showed the highest uptake in the cerebellum. Other mGluR1rich regions, such as the hippocampus, thalamus, and striatum, also showed some uptake ( Figure 3 ). As shown in the time-activity curves (TACs), radioactivity uptake in the cerebellum remained the highest among all regions for all investigated times after injection, peaking at 2 min and then decreasing (Figure 4(a) ). Although the affinity of cEFQ was high (IC 50 ¼ 5 nM in rat 18 ), cerebellum uptake decreased faster than expected. Blocking tests using unlabeled cEFQ, JNJ16259685, and ABP688 were performed to investigate the selectivity and specificity of [ 18 F]cEFQ binding to mGluR1. JNJ16259685 and ABP688 are proven specific antagonists of mGluR1 and mGluR5, respectively. When the rats were pre-injected with unlabeled cEFQ or JNJ16259685 10 min before the injection of [ 18 F]cEFQ, there was decreased homogeneous distribution of radioactivity in all brain regions, indicating non-specific uptake due to mGluR1 blocking (Figure 3 (c) and (d) and Figure 4 (c) and (d)). However, pre-injection of ABP688 did not result in blocked uptake of [ 18 F]cEFQ (Figures 3(e) and (e)).
[ 18 F]tEFQ did not show specific uptake in any brain region; this pattern was similar to the blocked non-specific uptake patterns of [ 18 F]cEFQ (Figures 3(b) and  4(b) ). The TAC showed that the trans isomer [ 18 F]tEFQ could enter into the brain rapidly through the blood flow and was washed out quickly without binding to mGluR1 (Figure 4(b) ).
Ex vivo autoradiography
We examined the binding of [ 18 F]cEFQ in the rat brain using ex vivo autoradiography ( Figure 5 ). Similar to the results of the PET studies, the autoradiograms also showed a wide distribution of radioactivity in almost all brain regions. The highest radioactivity level was found in the cerebellum, followed by the thalamus, hippocampus, and striatum ( Figure 5(a) ). Slightly increased radioactivity uptakes also were found in mGluR1 localized regions such as olfactory tubercle and substantia nigra pars reticulate ( Figure 5(a) ). [ 18 F]cEFQ uptakes in the rat brain were blocked by the presence of JNJ16259685 ( Figure 5(b) ), which was consistent with the animal PET study. 
Discussion
In this study, we synthesized [ 18 F]cEFQ and [ 18 F]tEFQ for imaging mGluR1 in the brain and evaluated their chemical and biological properties. [ 18 F]cEFQ was labeled with 18 F by a nucleophilic substitution reaction at high temperature. In this labeling condition, both cisand trans isomers [ 18 F]cEFQ and [ 18 F]tEFQ were produced when using either a pure cis-form precursor or a cis-trans precursor mixture. The ratio of produced It has been reported that compounds having a trans configuration on the cyclohexyl ring of chloroquinoline derivatives have no affinity to mGluR1 but that ciscompounds have high affinity (IC 50 ¼ 9 and 4 nM to human and rat mGluR1, respectively). 18 Thus, it was essential to separate [ 18 F]cEFQ from [ 18 F]tEFQ by HPLC before use. Lipophilicity (log D) is an important parameter for brain receptor imaging agents. High lipophilicity is required for BBB penetration; however, too high lipophilicity might increase nonspecific binding to albumin or other tissues. The log D of [ 18 F]cEFQ was measured to be 3.24, which was within the proposed optimal range for BBB penetration of 2.0-3.5, 26 and a high initial brain uptake (4.24% ID/g) at 10 min after injection was obtained due to the optimal lipophilicity (Table 1) .
In vitro stability tests were performed in prepared medium at room temperature and in human serum at 37 C. [ 18 F]cEFQ did not show any degradation in the prepared medium over 4 h at room temperature, indicating that it can be stored at room temperature for at least 4 h before use. However, it slowly degraded into free 18 F and other radioactive metabolites over time in human serum at body temperature, indicating a somewhat unstable metabolic nature in vivo. No [ 18 F]tEFQ peak was found among the radioactive metabolite peaks in the metabolite analysis, which is evidence that cis-trans isomerization did not occur. The isomerization of [ 18 F]cEFQ in vivo could be a serious undesirable reaction for brain PET imaging because the trans isomer has no affinity to the mGluR1 receptor.
Most quinoline derivatives used as mGluR1 antagonists have been reported to have low metabolic stability. 18 [ 11 C]JNJ16567083 (Figure 1(a) ) showed high affinity to mGluR1; its IC 50 values to rat and human mGluR1 were 3 and 8 nM, respectively. However, only 8% of the parent compound remained after a 30-min incubation in human liver microsome. 18 Compared with [ 11 C]JNJ16567083, [ 18 F]cEFQ showed a similar affinity to mGluR1 and higher stability (25% of the parent compound remained in human liver microsomes after 30 min) in the same experimental condition. 18 Radiometabolites in the brain are problematic for PET imaging because it is not possible to determine which chemical is the source of the detected radioactivity. 27 From the metabolism analysis study, we found that approximately 90% of the intact compound was detected in the brain at 5 min post-injection and that 74% was detected at 15 min post-injection ( Table 2 ). If the PET image is obtained at 10 min, more than 80% of the radioactivity will be from the intact compound. Thus, correction using metabolism modeling might be required for quantitative PET studies.
The biodistribution study showed rapid uptake and wash out of [ 18 F]cEFQ into and from the brain. According to the results, brain PET images should be obtained no later than 10 min in mice. For clinical imaging, a further PET TAC study might be necessary to obtain the best quality image. The major excretion route was found to be a hepatobiliary tract according to a biodistribution study. Increased radioactivity in the bone over time represents the in vivo defluorination of [ 18 F]cEFQ in mice. Generally, higher levels of defluorination are found in mice than in humans. 28, 29 PET images and TACs of rats with [ 18 F]cEFQ showed the distribution of mGluR1 in the brain (Figures 3 and 4) . The expression pattern of mGluR1 in the autoradiography study was similar but clearer than in the PET images ( Figure 5 ). It has been reported that although mGluR1 is distributed in most parts of the brain, the distribution in the cerebellum is over nine times higher than in the cortex and approximately eight times higher than in the hippocampus and striatum in the normal rat brain. 4, 21, 30, 31 As expected, the highest and most distinct radioactivity uptake was in the cerebellum, and slightly higher radioactivities were found in the thalamus, hippocampus, and striatum than in the cortex. Pretreatment with unlabeled cEFQ or the known mGluR1 antagonist JNJ16259685 resulted in a marked decrease in radioactivity in the whole brain compared to the [ 18 F]cEFQ baseline PET image. However, pretreatment with the mGluR5 selective antagonist ABP688 had no influence on [ 18 F]cEFQ binding. These results confirmed the specificity and selectivity of [ 18 F]cEFQ as a PET tracer for mGluR1 imaging in vivo. Although bone uptake was demonstrated in the biodistribution study, there was no skull uptake in the 10-min PET image.
The low signal in the brain with [ 18 F]tEFQ in the PET study was expected because of its low affinity to Figure 5 . Autoradiograms of [ 18 F]cEFQ in the SD rat brain (a) and with co-injection of JNJ16259685 (b). Cbl, cerebellum; Hip, hippocampus; Str, striatum; Th, thalamus; Ot, olfactory tubercle; SNr, substantia nigra pars reticulata. mGluR1 and the results of the study by Mabire et al. 18 PET has received much attention as a cutting edge technology for drug development. With radiolabeled drug candidates and PET, it is possible to estimate the suitability of new drug molecules in preclinical studies in vivo quantitatively without sacrificing animals. It is a cost-effective technology and helps minimize the risks of drug development. 32 Huang et al. verified the binding affinity of [ 18 F]cEFQ to mGluR1 in rodent and non-human primates in a previous study. 21 The affinity of [ 18 F]cEFQ changed with temperature, as the affinity at body temperature was lower than at low temperature. The binding affinity of [ 18 F]cEFQ to mGluR1 also differed by species. Generally, lower affinity was found for cloned human mGluR1 than for rat mGluR1. Furthermore, non-human primates and humans have relatively lower mGluR1 receptor densities than rodents. 21, 30, 33 Although the discrepancy between receptor density, binding affinity, and metabolism by species is a barrier for the clinical application of [ 18 F]cEFQ, 34 this PET tracer is still useful for preclinical studies.
Conclusions
We described the production and physicochemical and biological properties of [ 18 F]cEFQ as a PET tracer for mGluR1 imaging in the brain. We successfully synthesized [ 18 F]cEFQ both manually and using an automatic module with high specific activity and radiochemical purity with a short preparation time. [ 18 F]cEFQ had an appropriate lipophilicity for a brain receptor imaging agent, and it showed a rapid initial brain uptake. In PET and autoradiography studies, we demonstrated that [ 18 F]cEFQ specifically and selectively bound to mGluR1-abundant regions, especially the cerebellum. In conclusion, [ 18 F]cEFQ can be considered a suitable PET tracer for imaging and quantification of mGluR1 in rats.
